Pseudomonas solanacearum is an important phytopathogen which excretes a variety of extracellular enzymes. Pulse-chase experiments showed that one of these enzymes, a 0-1,4-endoglucanase (EGL) encoded by the egl gene, is synthesized as a higher-molecular-weight precursor polypeptide (pEGL) which is subsequently excreted into the extracellular medium as a 43-kilodalton mature protein. Si nuclease transcript mapping and DNA sequence analysis were used to identify the transcription start site and the possible translation start site of egl. Pulse-chase experiments and comparison of the putative NH2-terminal amino acid sequence of pEGL with the actual NH2-terminal amino acid sequence of mature excreted EGL suggested that pEGL has a 45-residue leader sequence preceding the N terminus of EGL which is proteolytically cleaved during export to the extracellular environment. The first 20 residues of the leader sequence resembled a typical lipoprotein signal peptide. The excretion of EGL by P. solanacearum apparently requires a membrane potential since it was blocked by carbonyl cyanide m-chlorophenyl hydrazone.
Pseudomonas solanacearum, a gram-negative phytopathogenic bacterium, causes a lethal wilt disease that affects over 200 solanaceous plant species worldwide (4) . An unusual characteristic of P. solanacearum is its production of a wide variety of extracellular proteins such as a 1-1,4-endoglucanase (EGL) (30) , several species of polygalacturonases (32) , pectin methyl esterase (15) , and several others (30) . These extracellular enzymes probably play an important role in wilt disease by promoting host tissue penetration via degradation of plant cell wall components. Recently, both EGL and one species of polygalacturonase were shown to be significant factors in the virulence of P.
solanacearlum (27, 32) .
Extensive investigation of protein secretion (i.e., export to the periplasm or outer membrane) in the gram-negative bacterium Escherichia coli has demonstrated that most secreted proteins are synthesized initially as higher-molecular-weight precursors with an additional amino-terminal (Nterminal) signal sequence which is cleaved by a specific signal peptidase during export (2, 25) . Most signal sequences contain 18 to 25 residues and have a similar organization and structure (38, 40) . Unlike secretion into the endoplasmic reticulum of eucaryotes, procaryotic secretion requires a transmembrane electrochemical potential (41) . In contrast, knowledge concerning the mechanism of protein excretion (i.e., export of proteins across both the cytoplasmic and outer membranes into the extracellular environment [25] ) by gram-negative bacteria is much more limited. Many excreted proteins are also synthesized with an N-terminal signal sequence which is proteolytically cleaved during export, but the N-terminal portion of the signal sequence appears to be more hydrophobic than that of secreted proteins (35) . Such a difference is not unexpected since excreted proteins must transit two membranes and may utilize different, additional, or multiple mechanisms to accomplish this. Some extracellular pectate lyases from Erwina spp. are correctly processed and exported by E. coli into its periplasm, but further export across the outer membrane did not occur, suggesting X Corresponding author.
that their excretion requires additional components that are not present in E. coli (7, 17) . Moreover, excretion mutants of Xanthomonas and Erwinia spp. which accumulate not all, but only specific classes of extracellular proteins in the periplasm, have also been reported, suggesting the existence of multiple excretion systems (1, 11, 36) . While in the excretion of ToxA by Pseiudomonas aerulginosa a signal sequence is used, it does not appear to occur via the periplasm but rather occurs via the Bayer junctions at the fusion points of the inner and outer membranes (22) . In contrast, export of hemolysin by E. coli does not involve a signal peptide but rather involves a hemolysin-specific transport protein (12, 39) .
Since the extracellular enzymes excreted by P. solanacearulm and other related gram-negative phytopathogenic bacteria (e.g., Xanthomnonas and Erwinia spp.) are important for virulence (11, 27, 32) , the molecular mechanism(s) they employ for excretion is of fundamental and practical interest. To begin elucidation of these mechanisms, we initiated studies of the excretion of EGL by P. solanacear(lon. We found that the egl gene product, like other excreted and secreted proteins, is synthesized as a higher-molecularweight precursor protein which is proteolytically cleaved during an energy-dependent export process producing a 43-kilodalton (kDa) mature form of the protein in the extracellular environment. However, DNA sequence analysis of the 5' end of the egl gene suggested the presence of an unusually long leader sequence on precursor EGL (pEGL) and defined its cleavage site. Bacterial strains and plasmids. The bacteria and plasmids used in this study are listed in Table 1 . Maps of plasmid inserts are illustrated in Fig. 1 . P. solanacearum AW(RP4) was constructed by mating E. coli C600(RP4) and P. solanacearum AW followed by selection on basal salts medium (BSM)-tetracycline plates as described previously (27) . Plasmid pMB10 was constructed by ligating the 800-base-pair (bp) SphI fragment of pDR250 ( Fig. 1) into SphI-digested pTZ19U, transforming it into E. coli JM101, and selecting for ampicillin resistance. Plasmids pMB15 and pMB16 were constructed by ligating the 300-bp SphI-PstI fragment of pDR250 into SphI-PstI-digested pTZ19U and pTZ18U, respectively. To construct pMB23 a 300-bp BstEII-Sau3AI fragment of pDR250 was ligated into SmaI-BamHI-digested pTZ18U DNA. pMB27 was constructed by insertion of the 300-bp HindIII-EcoRI fragment of pMB23 into HindIIIEcoRI-digested pTZ19U.
Media and growth conditions. The medium used for pulselabeling of P. ,~M-spDR250
FIG. 1. Physical maps of plasmids containing egl fragments. Shown is a map of pDR250 containing intact egl (27) and (above) subclones of egl. Inserts on pMB15, pMB16, pMB23, pMB27, and pMB1O are on pTZ18U/19U vectors. The sequencing strategy for the 5' end of egl is indicated by solid arrows. The location and extent of the egl transcript is indicated by a dashed arrow. Restriction site designations are as follows: R, EcoRI; S, Smal; Z, Sphl; P, PstI; A, Sau3AI; C, Clal; B, BstEll; L, Sall; MCS, multicloning site. 8 .0), and the immunoprecipitated proteins were solubilized by heating them at 100°C for 5 min in 2% SDS-20% glycerol-5% mercaptoethanol-0.002% bromphenol blue. The samples were centrifuged at 1,000 x g for 1 min, and the supernatants were electrophoresed on denaturing SDS-10% polyacrylamide gels, prepared, and run as described by Laemmli (19) . After electrophoresis the gels were impregnated with 2,5-diphenyloxazole by the method of Laskey and Mills (21) and fluorographed with X-ray film at -70°C.
Preparation of cell fractions. Cultures were centrifuged at 10,000 x g for 10 min; the culture supernatant was removed and used as the extracellular fraction. After the cell pellet was washed with 10 mM Tris hydrochloride (pH 7.0)-25% sucrose, the periplasmic protein fraction was prepared from the pellet by a modification of the osmotic shock method of Heppel as described by Yanagida et al. (43) . The cell pellet remaining after removal of the osmotic shock fluid was sonicated in 10 mM Tris hydrochloride (pH 7.0) three times for 30 s followed by centrifugation at 10,000 x g for 10 min; the resultant cell-free supernatant was removed and used as the cytoplasmic fraction.
Enzyme assays. EGL was assayed by the Nelson reducing sugar method with carboxymethyl cellulose substrate as described previously (27) . ,-Lactamase activity was assayed by the method of Schindler and Huber (33) . Glucose-6-phosphate dehydrogenase was assayed by the method of Langdon (20) .
Si nuclease transcript mapping. Restriction fragments were treated with bacterial alkaline phosphatase, phenol extracted, ethanol precipitated, and 5' end labeled with [r-32P]ATP and T4 polynucleotide kinase (P-L Biochemicals, Inc., Milwaukee, Wis.). After digestion with a second restriction enzyme, the appropriate single 5'-end-labeled fragment was purified by gel electrophoresis and electroelution. Total RNA was prepared from P. solanacearum cells by a modification of the hot phenol method (23, 29) . RNA and 5'-end-labeled DNA fragments were denatured, hybridized overnight at 60°C, and treated with 600 U of S1 nuclease (Bethesda Research Laboratories, Inc., Gaithersburg, Md.) per ml; the products were analyzed on 6% polyacrylamide-8 M urea gels, and autoradiography was performed as described previously (29) .
DNA sequencing. The 250-bp BstEII-SphI, 300-hp Sau3AI-BstEII, and 300-bp SphI-PstI DNA fragments of pDR250 containing the 5' end of egl were cloned in both orientations into pTZ18U or pTZ19U (Gene-Scribe Z; U.S. Biochemical Corp., Cleveland, Ohio) (10, 24 (30) . To confirm that EGL is excreted and to exclude the possibility that EGL is released by nonspecific leakage or cell lysis, we monitored the production and localization of EGL throughout a logarithmic growth cycle (A600 = 0.2 to 1.8) and found that EGL production and specific activity in culture supernatants remained constant. At the mid-log phase (as throughout the growth cycle), 99% of the EGL activity was always found in the culture supernatant, while less than 1% was found in the periplasmic or cytoplasmic fractions (Table 2 ).
In comparison, 87% of the 1-lactamase activity and 98% of the glucose-6-phosphate dehydrogenase activity of the same culture were found in the periplasmic and the cytoplasmic fractions, respectively. Only 10% of P-lactamase and <0.01% of glucose-6-phosphate dehydrogenase activities were ever found in the culture supernatants. From these results it is clear that EGL is an extracellular protein that is actively excreted across both the inner and outer membranes of P. solanacearium. EGL is synthesized as a higher-molecular-weight precursor. Since most secreted or excreted proteins are synthesized as precursor proteins with an additional N-terminal signal sequence that is removed during export (25), we investigated whether P. solanacearum utilizes a similar mechanism to excrete EGL. P. solanacearum cells were pulse-labeled with [35S]methionine and chased with cold methionine, and EGLrelated products in the culture were analyzed by immunoprecipitation and SDS-polyacrylamide gel electrophoresis ( Fig. 2A) . Three polypeptides with molecular masses of 40, 43 , and 46 kDa were specifically immunoprecipitated by anti-EGL antiserum, but not by preimmune serum; one polypeptide (Mr = 60,000) was precipitated by both anti-EGL and preimmune serum ( Fig. 2A, lanes 1 and 4) . EGL purified from P. solanacearum culture supernatants was reported to have a molecular mass of 43 kDa (30), and in another gel electrophoresis experiment, we observed that the labeled 43-kDa polypeptide comigrated with purified EGL protein (data not shown). Therefore, it is likely that the immunoprecipitated 43-kDa polypeptide is the extracellular form of EGL. The 46-kDa polypeptide is probably a precursor form of EGL since it is 3 kDa larger than mature EGL, which is consistent with the expected additional size contributed by a signal sequence. The 40-kDa polypeptide is smaller than purified EGL and could be a contaminant or proteolytic degradation product of EGL. To provide further evidence that the 46-kDa polypeptide is a precursor of EGL, an excess of purified EGL was added during the immunoprecipitation of the P. solanacearum cultures. As expected, the presence of purified EGL eliminated immunoprecipitation of the 43-kDa EGL protein and the 46-kDa polypeptide but not of the 40-kDa polypeptide (Fig. 2A, lanes 2 and 3) Further evidence that the 46-kDa polypeptide is a precursor of EGL (pEGL), which is proteolytically cleaved during export to the extracellular medium, was provided by pulsechase experiments. P. solanacearulm cultures were pulselabeled with [35S]methionine and chased with unlabeled methionine. At various times after initiation of the chase, samples of the cell pellet and culture supernatant (extracellular fraction) were taken and analyzed for EGL-related proteins by immunoprecipitation and electrophoresis (Fig.  2B) . After the pulse, the 46-kDa polypeptide was the only EGL-related polypeptide detected, and its presence was limited to the cell pellet fraction (Fig. 2B, lane 1) . The 43-kDa mature EGL polypeptide began to appear almost exclusively in the extracellular fraction after only 1 min of chase (Fig. 2B, lane 7) . The amount of cell pellet-associated 46-kDa polypeptide decreased with increasing chase times, concurrent with a corresponding increase in the amount of 43- was ever detected inside the cell pellet fraction (Fig. 2B , lanes 2 to 6). These results show that the egl gene product is synthesized in the cell as a higher-molecular-weight precursor (pEGL) which is subsequently cleaved and exported to the extracellular medium as the mature 43-kDa EGL protein.
Effect of CCCP on export of EGL. A transmembrane electrochemical potential is essential for protein secretion and excretion in E. coli and other gram-negative bacteria (3) . To evaluate the role of membrane potential in EGL excretion, P. solanacearum cultures were pulse-labeled with [35S]methionine and chased with unlabeled methionine in the presence of CCCP, a potent inhibitor of the generation and maintenance of a membrane potential. Cell pellets and culture supernatants were analyzed for pEGL and EGL by immunoprecipitation and gel electrophoresis (Fig. 3) . The presence of CCCP strongly inhibited chasing (i.e., conversion) of the labeled intracellular pEGL into mature extracellular EGL (Fig. 3, lanes 2 versus 3) . In fact, almost no detectable extracellular EGL was produced from pEGL in the presence of CCCP, while untreated cells showed efficient conversion (Fig. 3, lanes 4 versus 5) . The inhibition was dependent on the CCCP concentration, since 25 ,uM CCCP inhibited 60%, while 100 ,uM inhibited 96% (as estimated from scans of autoradiographs; data not shown). These results strongly suggest that export and/or cleavage of pEGL requires a transmembrane electrochemical potential.
Localization of the egl transcription start site. Deletion experiments with the cloned egl gene (27) suggested that egl transcription begins ca. 600 bp downstream of the Sall site of pDR250 ( Fig. 1) and terminates just beyond the SmaI site. To obtain a more precise location for the egi transcription start site, the 1.9-kilobase Sall-SinaI fragment of pDR250 was 5' end labeled at the SinaI site with [_y-32P]ATP, hybridized with total RNA from P. solanacearum, and treated with Si nuclease. The resultant product was 1.0 kilobase smaller than the untreated fragment, placing the transcription start site of egl within 200 bp of the Clal site of pDR250 (data not shown).
High-resolution S1 nuclease mapping with a 300-bp B.stEII-Sau3AI fragment from pMB23 ( Fig. 1 ) that was 5' end labeled at Sau3AI is shown in Fig. 4 . Hybridization of this fragment with RNA from wild-type P. solanacearuim results in the protection of 150 bp of DNA upstream of the Sau3AI site, while hybridization with E. coli tRNA results in no protection (Fig. 4, lanes 2 and 4) . This indicates that the -egi transcription start site and promoter are located 150 bp upstream of the Sau3AI site (ca. 40-bp upstream of the Clal site of pDR250). Analysis of the same product on a sequencing gel placed the transcription start site 37 bp (±4 bp) upstream of the ClaI site (data not shown). Hybridization of the same labeled fragment with RNA from P. solanacearum AR (a spontaneous, pleiotropic variant of AW which produces 25-fold less EGL than the wild type [30] ) resulted in no detectable protection from Si nuclease digestion (Fig. 4,  lane 3 ). This result confirms previous experiments suggesting that the P. solanacearum AR variant is defective in transcription of egl, resulting in decreased production of EGL (31) .
Determination of possible leader sequence of pEGL. To obtain the putative N-terminal amino acid sequence of pEGL, the DNA sequence of the 540-bp BstEII-PstI fragment of pDR250 (Fig. 1) containing the egl transcription start site was determined (Fig. 5) . Sequences resembling E. coli -35 and -10 promoter consensus sequences (14) were found at appropriate positions in relation to the determined transcription start site. Only one open reading frame starting downstream of the transcription start site and extending beyond the PstI site was detected.
To confirm that this open reading frame contained the N terminus of pEGL, the derived amino acid sequence was compared with the N-terminal amino acid sequence of mature EGL. By using purified EGL isolated from culture supernatants (30) and a gas-phase protein sequencer (470A; Applied Biosystems), the N-terminal amino acid sequence of EGL was determined to be H2N-Ala-Thr-Ser-Thr-Thr-SerSer-Val-Trp-Leu-Thr-Leu-Ala-Lys-Asp-Ser-Ala-Ala-PheThr-Val-Ser-Gly-Thr-. This exact amino acid sequence is found between residues +1 and +24 in the pEGL open reading frame (Fig. 5) .
Although there are four possible translation start codons in the putative pEGL open reading frame preceding the N terminus of the mature EGL (nucleotide positions 58, 97, 109, and 142; Fig. 5 ), only ATG-97 and ATG-142 have potential ribosome-binding sites (i.e., sequences 5 to 9 bp before an ATG codon with significant homology to the 5' end of P. aeruginosa 16S rRNA) (13, 34) . In addition, the size difference between EGL and pEGL determined in several electrophoresis experiments also suggests that pEGL starts at one of these two ATG codons. Examination of the amino acid sequence following ATG-97 and ATG-142 for a typical signal sequence motif showed that the 19-residue sequence following ATG-97 is very similar to signal sequences of many exported proteins (40) , especially those recognized by lipoprotein signal peptidases (18, 42) . On the other hand, the sequence starting at ATG-142 lacks the charged region, hydrophobic region, and typical cleavage site (38) characteristic of most signal peptides. Finally, translational fusion of the phoA-coding region to residue -44 of pEGL produced significant amounts of an EGL-PhoA fusion protein of the expected size (47-kDa; data not shown); production of such a protein is totally inconsistent with a translational start for pEGL at ATG-142. Thus, it is more likely that pEGL starts at ATG-97 and has the 45-residue leader sequence shown in Fig. 5 .
DISCUSSION
We showed that the egl gene of P. solanacearum encodes a 43-kDa excreted endoglucanase which is found exclusively in the extracellular medium. However, pulse-chase experiments demonstrated that egl directs the synthesis of a higher-molecular-weight precursor of EGL (pEGL) which is cleaved to the mature 43-kDa extracellular protein during an energy-dependent export process. After localization of the egl transcription start site, the DNA sequence of the 5' end of egl was determined, and the derived amino acid sequence of egl was compared with the experimentally determined N terminus of purified mature EGL. This resulted in identification of a possible leader sequence on pEGL and defined a proteolytic cleavage site that is involved in its export.
Although we could not unambiguously determine the translation start codon for pEGL, most evidence suggested that it is ATG-97. This implies that pEGL has a 45-residue leader sequence preceding the N terminus of mature extracellular EGL (Fig. 5) . The first 20 residues of this unusually long leader sequence appear to have many of the characteristics of a typical lipoprotein signal sequence: an N-terminal charged region, followed by a 15-residue highly hydrophobic region with a possible a-helix structure (6) and, most importantly, a perfect consensus lipoprotein signal peptidase recognition site (-Leu-Ala-Gly-Cys-; Fig. 5 Gln  FIG. 5 . Nucleotide sequence of the 5' end of egl and the N-terminal signal sequence of pEGL. The DNA sequence of the BstEII-PstI fragment (5'-to 3'-noncoding strand) containing the 5' end of egl and the derived amino acid sequence of the N terminus of pEGL is shown. Numbers above the sequence refer to nucleotide position; transcription start site (horizontal arrow marked +1) is nucleotide 1. Numbers below the sequence refer to amino acid position; the proteolytic processing site ( T ) between the leader sequence and the N terminus of mature EGL directly precedes residue +1. Putative -35 and -10 sequences of the promoter are overlined. Possible ribosome-binding sites are indicated (0). The determined N-terminal sequence of the mature EGL protein is boxed in and shaded. The consensus signal peptidase cleavage site for lipoproteins is underlined (26, 42) . tion -26) , then what is the fate and function of the remaining 25 residues not found in the mature EGL? Some excreted proteins from gram-positive bacteria contain similar unusually long leader peptides also consisting of an N-terminal signal sequence followed by a prepeptide which precedes the mature N terminus but follows the signal peptide cleavage site (26) . One of these proteins, a penicillinase from Bac illius lichenformis (5) , is secreted by export of the prepeptidecontaining form to the plasma membrane following a cleavage after the signal sequence and fatty acylation of the resultant N-terminal Cys residue; the mature penicillinase is then released into the medium by a proteolytic cleavage within the prepeptide. It is possible that EGL is excreted by a similar process involving two successive proteolytic cleav- If, on the other hand, there is only one cleavage site, at the N terminus of the mature EGL, then the signal peptide of pEGL must be very atypical since most signal sequences contain no more than 33 residues; the cleavage site would also be very unusual since it has a charged residue (Lys) at position -3 which, according to von Heijne (38) , is forbidden at this position. While EGL may be exported by a two-step cleavage of a 45-residue leader sequence, with the first step utilizing elements similar to those involved in the export of lipoproteins this hypothesis must be directly confirmed and the role and function of the additional prepeptide sequence in export must be clarified.
